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RESIST UNDERLAYER FILM-FORMING
COMPOSITION CONTAINING COPOLYMER
RESIN HAVING HETEROCYCLIC RING

TECHNICAL FIELD

The present invention relates to a resist underlayer film-
forming composition for lithography that is useful in fabri-
cating a semiconductor substrate, a resist pattern forming
method using the resist underlayer film-forming composi-
tion, and a method for producing a semiconductor device.

BACKGROUND ART

Conventionally, microfabrication by lithography using
photoresist compositions has been performed in the produc-
tion of semiconductor devices. This microfabrication is a
fabrication method that includes forming a thin film of a
photoresist composition on a substrate to be fabricated such
as a silicon wafer, radiating active rays such as ultraviolet rays
onto the thin film through a mask pattern in which a pattern of
a semiconductor device is formed, developing the film, and
etching the substrate to be fabricated such as a silicon wafer
using the obtained photoresist pattern as a protective film. In
recent years, higher integration of semiconductor devices has
been pursued, and there is a trend for the active rays used to
have shorter wavelengths from KrF excimer lasers (248 nm)
to ArF excimer lasers (193 nm). This trend has been accom-
panied by significant issues of effects due to standing waves
and diffuse reflection of the active rays from the substrate.
Accordingly, methods have been extensively studied that
include providing an anti-reflective coating (Bottom Anti-
Reflective Coating, BARC) between the photoresist and the
substrate to be fabricated.

When a finer resist pattern is further pursued, an issue of
resolution and an issue in which the resist pattern collapses
after development may occur, and thus thinner resists are
required. This makes it difficult to achieve sufficient resist
pattern film thickness for fabrication of a substrate, and thus
a process has become necessary in which the function of a
mask during the substrate fabrication is imparted not only to
the resist pattern, but also to a resist underlayer film that is
formed between the resist and a semiconductor substrate to be
fabricated. As a resist underlayer film for such a process,
unlike a conventional resist underlayer film having a high
etching-rate property (high etching rate), a resist underlayer
film for lithography having a selection ratio of dry etching
rate that is close to that of the resist, a resist underlayer film for
lithography having a selection ratio of dry etching rate that is
smaller than that of the resist, or a resist underlayer film for
lithography having a selection ratio of dry etching rate that is
smaller than that of the semiconductor substrate is required.

Examples of a polymer for the resist underlayer film
described above include the followings.

Resist underlayer film-forming compositions each includ-
ing polyvinyl carbazole are exemplified (see Patent Docu-
ment 1, Patent Document 2, and Patent Document 3).

A resist underlayer film-forming composition including a
fluorene phenol novolak resin is disclosed (see Patent Docu-
ment 4, for example).

A resist underlayer film-forming composition including a
fluorene naphthol novolak resin is disclosed (see Patent
Document 5, for example).

Resist underlayer film-forming compositions each con-
taining fluorene phenol and aryl alkylene as repeating units
are disclosed (see Patent Document 6 and Patent Document 7,
for example).
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A resist underlayer film-forming composition including
carbazole novolak is disclosed (see Patent Document 8, for
example).

PRIOR ART DOCUMENTS
Patent Documents

Patent Document 1: Japanese Patent Application Publica-
tion No. 2-293850.

Patent Document 2: Japanese Patent Application Publica-
tion No. 1-154050

Patent Document 3: Japanese Patent Application Publica-
tion No. 2-22657

Patent Document 4: Japanese Patent Application Publica-
tion No. 2005-128509

Patent Document 5: Japanese Patent Application Publica-
tion No. 2007-199653

Patent Document 6: Japanese Patent Application Publica-
tion No. 2007-178974

Patent Document 7: U.S. Pat. No. 7,378,217

Patent Document 8: WO2010-147155

SUMMARY OF THE INVENTION
Problem to be Solved by the Invention

The present invention provides a resist underlayer film-
forming composition used in a lithography process of semi-
conductor device production. The present invention also pro-
vides a resist underlayer film for lithography having a
selection ratio of dry etching rate that is close to that of a
resist, a resist underlayer film for lithography having a selec-
tion ratio of dry etching rate that is smaller than that of the
resist, or a resist underlayer film for lithography having a
selection ratio of dry etching rate that is smaller than that of a
semiconductor substrate, with each of which an excellent
resist pattern can be obtained without occurrence of intermix-
ing with a resist layer. The present invention can also impart
a property of efficiently absorbing light reflected from a sub-
strate when irradiation light having a wavelength of 248 nm,
193 nm, or 157 nm, for example, is used in microfabrication.
Further, the present invention provides a method for forming
a resist pattern using the resist underlayer film-forming com-
position. In addition, the present invention provides a resist
underlayer film-forming composition for forming a resist
underlayer film that also has heat resistance.

Means for Solving the Problem

The invention of the present application provides, as a first
aspect, a resist underlayer film-forming composition com-
prising: a polymer containing a unit structure of Formula (1):

Formula (1)

1 R3 2
® ) (RO,

|
SO 2K

(in Formula (1), R! and R? each are a substituent of a hydro-
gen atom on an aromatic ring, and are each independently a
halogen group, a nitro group, an amino group, a carboxylic
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acid group, a hydroxy group, a C,_,, alkyl group, a C,_|,
alkenyl group, a C,_,, aryl group, an organic group containing
an ether bond, an organic group containing a ketone bond, an
organic group containing an ester bond, or a group in which
any of these are combined;
R? is a hydrogen atom, ora C,_,, alkyl group, a C,_,, alkenyl
group, a C,_,, aryl group, an organic group containing an
ether bond, an organic group containing a ketone bond, an
organic group containing an ester bond, or a group in which
any of these are combined;
R*is a C,_,, aryl group or a heterocyclic group, and the aryl
group and the heterocyclic group each are optionally substi-
tuted with a halogen group, a nitro group, an amino group, a
C, .10 alkyl group, a C,_,, alkoxy group, a C,_,,, aryl group, a
formyl group, a carboxy group, a carboxylic acid ester group,
or a hydroxy group;
R’ is ahydrogen atom, a C,_, , alkyl group, a C_,, aryl group,
or a heterocyclic group, and the alkyl group, the aryl group,
and the heterocyclic group each are optionally substituted
with a halogen group, a nitro group, an amino group, or a
hydroxy group, and R* and R® optionally form a ring together
with a carbon atom bonded to R* and R®;
X is an O atom, a S atom, a CH, group, a C—0 group, a
CH—CH group, ora CH,—CH, group; nl and n2 each are an
integer of 0 to 3; and m1 and m2 each are an integer of 0 to 3);

as a second aspect, a resist underlayer film-forming com-
position comprising: a polymer containing a unit structure of
Formula (2):

Formula (2)
RS
(ROn3 (R)ny
N ~;
~ &
5~ vi
A " P

m3 m4

(in Formula (2), R® and R” each are a substituent of a hydro-
gen atom on an aromatic ring, and are each independently a
halogen group, a nitro group, an amino group, a carboxylic
acid group, a hydroxy group, a C,_,, alkyl group, a C,_|,
alkenyl group, a C,_,, aryl group, an organic group containing
an ether bond, an organic group containing a ketone bond, an
organic group containing an ester bond, or a group in which
any of these are combined;
R®is a hydrogen atom, ora C,_,, alkyl group, a C,_,, alkenyl
group, a Cg_,, aryl group, an organic group containing an
ether bond, an organic group containing a ketone bond, an
organic group containing an ester bond, or a group in which
any of these are combined;
X?is an O atom, a S atom, a CH,, group, a C=0 group, a
CH—CH group, or a CH,—CH, group;
Y' is a divalent group derived from a cycloolefin ring com-
pound;
n3 and n4 each are an integer of 0 to 3; and m3 and m4 each
are an integer of 0 to 3);

as a third aspect, the resist underlayer film-forming com-
position according to the first aspect, in which R is a hydro-
gen atom in Formula (1);

as a fourth aspect, the resist underlayer film-forming com-
position according to the second aspect, in which R® is a
hydrogen atom in Formula (2);

as a fifth aspect, the resist underlayer film-forming com-
position according to the first aspect or the third aspect, in
which both nl and n2 are 0 in Formula (1);
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as a sixth aspect, the resist underlayer film-forming com-
position according to the second aspect or the fourth aspect, in
which both n3 and n4 are 0 in Formula (2);

as a seventh aspect, the resist underlayer film-forming
composition according to the first aspect, the third aspect, or
the fifth aspect, in which the polymer is a polymer containing
the unit structure of Formula (1) as described in claim 1 and
a unit structure of Formula (3):

Formula (3)
®ns RU

Arl

R12
(R'%ng

(inFormula (3), Ar' isa C_,, aromatic ring group; R® and R*°
each are a substituent of a hydrogen atom on an aromatic ring,
R? is a hydroxy group, and R'° is a halogen group, a nitro
group, an amino group, a C,_,, alkyl group, a C,_;, alkenyl
group, a C,_,, aryl group, an organic group containing an
ether bond, an organic group containing a ketone bond, an
organic group containing an ester bond, or an organic group in
which any of these are combined; R*! is a hydrogen atom, or
a Cq_4, aryl group or a heterocyclic group that is optionally
substituted with a halogen group, a nitro group, an amino
group, a formyl group, a carboxy group, or a hydroxy group;
R'? is a hydrogen atom, or a C,_,, alkyl group, a C_,, aryl
group, or a heterocyclic group that is optionally substituted
with a halogen group, a nitro group, an amino group, a formyl
group, a carboxy group, or a hydroxy group, and R'! and R*>
optionally form a ring together with a carbon atom bonded to
R and R'?; n5 is an integer [from one to (maximum number
of substituents that are capable of being substituted on an Ar*
ring)]; and n6 is an integer [from ((maximum number of
substituents that are capable of being substituted on the Ar!
ring)-n5) to zero));

as an eighth aspect, the resist underlayer film-forming
composition according to the second aspect, the fourth
aspect, or the sixth aspect, in which the polymer is a polymer
containing the unit structure of Formula (2) as described in
the second aspect and a unit structure of Formula (4):

Formula (4)
Ry

—fAr'—Y2—

(R'yng

(in Formula (4), Ar* is a C_,, aromatic ring group; R'* and
R'* each are a substituent of a hydrogen atom on an aromatic
ring, R'? is a hydroxy group, and R'* is a halogen group, a
nitro group, an amino group, a C, ;. alkyl group, a C,_,,
alkenyl group, a C,_,, aryl group, an organic group containing
an ether bond, an organic group containing a ketone bond, an
organic group containing an ester bond, or an organic group in
which any of these are combined; Y is a divalent group
derived from a cycloolefin ring compound;

n7 is an integer [from one to (maximum number of substitu-
ents that are capable of being substituted on an Ar” ring)]; and
n8 is an integer [ from ((maximum number of substituents that
are capable of being substituted on the Ar® ring)-n7) to
zero|);
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as a ninth aspect, the resist underlayer film-forming com-
position according to any one of the first aspect to the eighth
aspect, further comprising: a cross-linking agent;

as a tenth aspect, the resist underlayer film-forming com-
position according to any one of the first aspect to the ninth
aspect, further comprising: an acid and/or an acid generator;

as an eleventh aspect, a resist underlayer film obtained by
applying the resist underlayer film-forming composition as
described in any one of the first aspect to the tenth aspect onto
a semiconductor substrate and baking the resist underlayer
film-forming composition;

as a twelfth aspect, a method for forming a resist pattern
used in production of a semiconductor, the method compris-
ing the steps of: applying the resist underlayer film-forming
composition as described in any one of the first aspect to the
tenth aspect onto a semiconductor substrate and baking the
resist underlayer film-forming composition to form an under-
layer film;

as a thirteenth aspect, a method for producing a semicon-
ductor device, the method comprising the steps of: forming an
underlayer film on a semiconductor substrate using the resist
underlayer film-forming composition as described in any one
of'the first aspect to the tenth aspect; forming a resist film on
the underlayer film; forming a resist pattern by irradiation
with light or electron beams and development; etching the
underlayer film using the resist pattern; and fabricating the
semiconductor substrate using the patterned underlayer film;

as a fourteenth aspect, a method for producing a semicon-
ductor device, the method comprising the steps of: forming an
underlayer film on a semiconductor substrate using the resist
underlayer film-forming composition as described in any one
of'the first aspect to the tenth aspect; forming a hard mask on
the underlayer film; further forming a resist film on the hard
mask; forming a resist pattern by irradiation with light or
electron beams and development; etching the hard mask
using the resist pattern; etching the underlayer film using the
hard mask patterned; and fabricating the semiconductor sub-
strate using the patterned underlayer film; and

as a fifteenth aspect, the method for producing a semicon-
ductor device according to the fourteenth aspect, in which the
hard mask is formed by deposition of an inorganic substance.

Effects of the Invention

With the resist underlayer film-forming composition of the
present invention, an excellent shape of a resist pattern can be
formed without occurrence of intermixing between a top
layer portion of a resist underlayer film and a layer that is
coated on the top layer portion.

A property of efficiently suppressing reflection from a sub-
strate can be imparted to the resist underlayer film-forming
composition of the present invention, and thus the composi-
tion can also serve as an anti-reflective coating of exposure
light.

The resist underlayer film-forming composition of the
present invention can provide an excellent resist underlayer
film having a selection ratio of dry etching rate that is close to
that of a resist, a selection ratio of dry etching rate that is
smaller than that of the resist, or a selection ratio of dry
etching rate that is smaller than that of a semiconductor sub-
strate.

As aresist pattern becomes finer, a resist is made thinner in
order to prevent the resist pattern from collapsing after devel-
opment. For such a thin film resist, there are a process that
includes transferring a resist pattern onto an underlayer film
thereof'in an etching process to fabricate a substrate using the
underlayer film as a mask, and also a process that includes
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repeating steps of transferring a resist pattern onto an under-
layer film in an etching process and further transferring the
pattern transferred on the underlayer film onto an underlayer
film thereof using a different gas composition to finally fab-
ricate a substrate. The resist underlayer film and the compo-
sition for forming the resist underlayer film of the present
invention are effective for such processes and, when a sub-
strate is fabricated with the resist underlayer film of the
present invention, exhibit sufficient etching resistance for the
fabricated substrate (e.g., a thermal silicon oxide film, a sili-
con nitride film, or a polysilicon film on the substrate).

The resist underlayer film of the present invention can be
used as a planarizing film, a resist underlayer film, an anti-
fouling film for resist layers, or a film having dry etching
selectivity. This makes it possible to form a resist pattern
easily and precisely in a lithography process of semiconduc-
tor production.

There is a process that includes forming a resist underlayer
film on a substrate using the resist underlayer film-forming
composition of the present invention; forming a hard mask
thereon; forming a resist film thereon; forming a resist pattern
by exposure and development; transferring the resist pattern
onto the hard mask; transferring the resist pattern transferred
on the hard mask to the resist underlayer film; and fabricating
the semiconductor substrate using the resultant resist under-
layer film. In this process, the hard mask may be formed out
of a coating-type composition that contains an organic poly-
mer and/or an inorganic polymer and a solvent, or may be
formed by vacuum deposition of an inorganic substance. The
inorganic substance (e.g., silicon oxynitride) forms a deposit
on the surface of the resist underlayer film upon vacuum
deposition, during which the temperature of the resist under-
layer film surface rises to about 400° C. Because the polymer
used in the present invention is a polymer containing a unit
structure of Formula (1), the resist underlayer film of the
present invention has very high heat resistance, and does not
undergo thermal degradation even through deposition of
deposits.

MODES FOR CARRYING OUT THE INVENTION

The present invention provides a resist underlayer film-
forming composition that contains a polymer containing a
unit structure of Formula (1).

The present invention also provides a resist underlayer

film-forming composition that contains a polymer containing
a unit structure of Formula (2).
The former polymer may contain the unit structure of For-
mula (1) and a unit structure of Formula (3). Furthermore, the
latter polymer may contain the unit structure of Formula (2)
and a unit structure of Formula (4).

The resist underlayer film-forming composition for lithog-
raphy contains the polymer and a solvent in the present inven-
tion. This composition may contain a cross-linking agent and
an acid, and may contain an additive such as an acid generator
or a surfactant as necessary. The solid content of the compo-
sition is 0.1 to 70% by mass or 0.1 to 60% by mass. The solid
content is the content of all components of the resist under-
layer film-forming composition excluding the solvent. The
solid content may contain the polymer at a proportion of 1 to
100% by mass, 1 t0 99.9% by mass, 50 to 99.9% by mass, 50
to 95% by mass, or 50 to 90% by mass.

The polymer used in the present invention has a weight-
average molecular weight of 600 to 1,000,000 or 600 to
200,000.

In Formula (1), R' and R? each are a substituent of a
hydrogen atom on an aromatic ring, and are each indepen-
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dently a halogen group, a nitro group, an amino group, a
carboxylic acid group, a hydroxy group, a C,_,, alkyl group,
a C,_,, alkenyl group, a Cg_,, aryl group, an organic group
containing an ether bond, an organic group containing a
ketone bond, an organic group containing an ester bond, or a
group in which any of these are combined.

In Formula (1), R? is a hydrogen atom, or a C,_,, alkyl
group, a C,_,, alkenyl group, a C,_,, aryl group, an organic
group containing an ether bond, an organic group containing
a ketone bond, an organic group containing an ester bond, or
a group in which any of these are combined.

In Formula (1), R* is a C,_y, aryl group or a heterocyclic
group, and the aryl group and the heterocyclic group each are
optionally substituted with a halogen group, a nitro group, an
amino group, a C,_,, alkyl group, a C,_,, alkoxy group, a
Cy_4o aryl group, a formyl group, a carboxy group, a carboxy-
lic acid ester group, or a hydroxy group.

In Formula (1), R? is a hydrogen atom, a C,_, , alkyl group,
a Cg_,, aryl group, or a heterocyclic group, and the alkyl
group, the aryl group, and the heterocyclic group each are
optionally substituted with a halogen group, a nitro group, an
amino group, or a hydroxy group, and R* and R> optionally
form a ring together. X is an O atom, a S atom, a CH,, group,
a C—0 group, a CH—CH group, or a CH,—CH, group, nl
and n2 each are an integer of 0 to 3, and m1 and m2 each are
an integer of 0 to 3 or an integer of 0 and 1.

In Formula (2), R® and R” each are a substituent of a
hydrogen atom on an aromatic ring, and are each indepen-
dently a halogen group, a nitro group, an amino group, a
carboxylic acid group, a hydroxy group, a C,_,, alkyl group,
a C,_,, alkenyl group, a Cg_,, aryl group, an organic group
containing an ether bond, an organic group containing a
ketone bond, an organic group containing an ester bond, or a
group in which any of these are combined;

R®is a hydrogen atom, ora C,_,, alkyl group, a C,_,, alkenyl
group, a C,_,, aryl group, an organic group containing an
ether bond, an organic group containing a ketone bond, an
organic group containing an ester bond, or a group in which
any of these are combined;

X?is an O atom, a S atom, a CH,, group, a C=0 group, a
CH—CH group, or a CH,—CH, group;

Y' is a divalent group derived from a cycloolefin ring com-
pound;

n3 and n4 each are an integer of 0 to 3; and m3 and m4 each
are an integer of 0 to 3.

In Formula (3), Ar' is a C_,, aromatic ring group; R® and

R'° each are a substituent of a hydrogen atom on an aromatic
ring, R? is a hydroxy group, and R'° is a halogen group, a nitro
group, an amino group, a C,_,, alkyl group, a C,_;, alkenyl
group, a C,_,, aryl group, an organic group containing an
ether bond, an organic group containing a ketone bond, an
organic group containing an ester bond, or an organic group in
which any of these are combined;
R'!is a hydrogen atom, or a C,_,, aryl group or a heterocyclic
group that is optionally substituted with a halogen group, a
nitro group, an amino group, a formyl group, a carboxy group,
or a hydroxy group; R'? is a hydrogen atom, ora C,_,,, alkyl
group, a Cg,, aryl group, or a heterocyclic group that is
optionally substituted with a halogen group, a nitro group, an
amino group, a formyl group, a carboxy group, or a hydroxy
group, and R*'! and R'? optionally form a ring together; n5 is
an integer [from one to (the maximum number of substituents
that are capable of being substituted with an Ar” ring)]; and n6
is an integer [from ((the maximum number of substituents
that are capable of being substituted with the Ar' ring)-n5) to
zero|)
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In Formula (4), Ar? is a C_,, aromatic ring group; R*> and
R'* each are a substituent of a hydrogen atom on an aromatic
ring, R'? is a hydroxy group, and R'* is a halogen group, a
nitro group, an amino group, a C, ;. alkyl group, a C,_,,
alkenyl group, a C,_,, aryl group, an organic group containing
an ether bond, an organic group containing a ketone bond, an
organic group containing an ester bond, or an organic group in
which any of these are combined; Y? is a divalent group
derived from a cycloolefin ring compound;
n7 is an integer [from one to (the maximum number of sub-
stituents that are capable of being substituted with an Ar?
ring)]; and n8 is an integer [from ((the maximum number of
substituents that are capable of being substituted with the Ar?
ring)-n7) to zero)).

Examples of the halogen group include a fluorine atom, a
chlorine atom, a bromine atom, and an iodine atom. Examples
of the C,_,, alkyl group include a methyl group, an ethyl
group, an n-propyl group, an i-propyl group, a cyclopropyl
group, an n-butyl group, an i-butyl group, an s-butyl group, a
t-butyl group, a cyclobutyl group, a 1-methyl-cyclopropyl
group, a 2-methyl-cyclopropyl group, an n-pentyl group, a
1-methyl-n-butyl group, a 2-methyl-n-butyl group, a 3-me-
thyl-n-butyl group, a 1,1-dimethyl-n-propyl group, a 1,2-
dimethyl-n-propyl group, a 2,2-dimethyl-n-propyl group, a
1-ethyl-n-propyl group, a cyclopentyl group, a 1-methyl-cy-
clobutyl group, a 2-methyl-cyclobutyl group, a 3-methyl-
cyclobutyl group, a 1,2-dimethyl-cyclopropyl group, a 2,3-
dimethyl-cyclopropyl group, a 1-ethyl-cyclopropyl group, a
2-ethyl-cyclopropyl group, an n-hexyl group, a 1-methyl-n-
pentyl group, a 2-methyl-n-pentyl group, a 3-methyl-n-pentyl
group, a 4-methyl-n-pentyl group, a 1,1-dimethyl-n-butyl
group, a 1,2-dimethyl-n-butyl group, a 1,3-dimethyl-n-butyl
group, a 2,2-dimethyl-n-butyl group, a 2,3-dimethyl-n-butyl
group, a 3,3-dimethyl-n-butyl group, a 1-ethyl-n-butyl group,
a 2-ethyl-n-butyl group, a 1,1,2-trimethyl-n-propyl group, a
1,2,2-trimethyl-n-propyl group, a 1-ethyl-1-methyl-n-propyl
group, a 1-ethyl-2-methyl-n-propyl group, a cyclohexyl
group, a 1-methyl-cyclopentyl group, a 2-methyl-cyclopentyl
group, a 3-methyl-cyclopentyl group, a 1-ethyl-cyclobutyl
group, a 2-ethyl-cyclobutyl group, a 3-ethyl-cyclobutyl
group, a 1,2-dimethyl-cyclobutyl group, a 1,3-dimethyl-cy-
clobutyl group, a 2,2-dimethyl-cyclobutyl group, a 2,3-dim-
ethyl-cyclobutyl group, a 2,4-dimethyl-cyclobutyl group, a
3,3-dimethyl-cyclobutyl group, a 1-n-propyl-cyclopropyl
group, a 2-n-propyl-cyclopropyl group, a 1-i-propyl-cyclo-
propyl group, a 2-i-propyl-cyclopropyl group, a 1,2,2-trim-
ethyl-cyclopropyl group, a 1,2,3-trimethyl-cyclopropyl
group, a 2,2 3-trimethyl-cyclopropyl group, a 1-ethyl-2-me-
thyl-cyclopropyl group, a 2-ethyl-1-methyl-cyclopropyl
group, a 2-ethyl-2-methyl-cyclopropyl group, and a 2-ethyl-
3-methyl-cyclopropyl group.

Examples of the C,_;, alkenyl group include an ethenyl
group, a 1-propenyl group, a 2-propenyl group, a 1-methyl-
1-ethenyl group, a 1-butenyl group, a 2-butenyl group, a
3-butenyl group, a 2-methyl-1-propenyl group, a 2-methyl-
2-propenyl group, a 1-ethylethenyl group, a 1-methyl-1-pro-
penyl group, a 1-methyl-2-propenyl group, a 1-pentenyl
group, a 2-pentenyl group, a 3-pentenyl group, a 4-pentenyl
group, a l-n-propylethenyl group, a 1-methyl-1-butenyl
group, a l-methyl-2-butenyl group, a 1-methyl-3-butenyl
group, a 2-ethyl-2-propenyl group, a 2-methyl-1-butenyl
group, a 2-methyl-2-butenyl group, a 2-methyl-3-butenyl
group, a 3-methyl-1-butenyl group, a 3-methyl-2-butenyl
group, a 3-methyl-3-butenyl group, a 1,1-dimethyl-2-prope-
nyl group, a 1-i-propylethenyl group, a 1,2-dimethyl-1-pro-
penyl group, a 1,2-dimethyl-2-propenyl group, a 1-cyclopen-
tenyl group, a 2-cyclopentenyl group, a 3-cyclopentenyl
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group, a 1-hexenyl group, a 2-hexenyl group, a 3-hexenyl
group, a 4-hexenyl group, a S-hexenyl group, a 1-methyl-1-
pentenyl group, a 1-methyl-2-pentenyl group, a 1-methyl-3-
pentenyl group, a 1-methyl-4-pentenyl group, a 1-n-bu-
tylethenyl group, a 2-methyl-1-pentenyl group, a 2-methyl-
2-pentenyl group, a 2-methyl-3-pentenyl group, a 2-methyl-
4-pentenyl group, a 2-n-propyl-2-propenyl group, a
3-methyl-1-pentenyl group, a 3-methyl-2-pentenyl group, a
3-methyl-3-pentenyl group, a 3-methyl-4-pentenyl group, a
3-ethyl-3-butenyl group, a 4-methyl-1-pentenyl group, a
4-methyl-2-pentenyl group, a 4-methyl-3-pentenyl group, a
4-methyl-4-pentenyl group, a 1,1-dimethyl-2-butenyl group,
a 1,1-dimethyl-3-butenyl group, a 1,2-dimethyl-1-butenyl
group, a 1,2-dimethyl-2-butenyl group, a 1,2-dimethyl-3-
butenyl group, a 1-methyl-2-ethyl-2-propenyl group, a 1-s-
butylethenyl group, a 1,3-dimethyl-1-butenyl group, a 1,3-
dimethyl-2-butenyl group, a 1,3-dimethyl-3-butenyl group, a
1-i-butylethenyl group, a 2.2-dimethyl-3-butenyl group, a
2,3-dimethyl-1-butenyl group, a 2,3-dimethyl-2-butenyl
group, a 2,3-dimethyl-3-butenyl group, a 2-i-propyl-2-prope-
nyl group, a 3,3-dimethyl-1-butenyl group, 1-ethyl-1-butenyl
group, a 1-ethyl-2-butenyl group, a 1-ethyl-3-butenyl group,
a l-n-propyl-1-propenyl group, a 1-n-propyl-2-propenyl
group, a 2-ethyl-1-butenyl group, a 2-ethyl-2-butenyl group,
a 2-ethyl-3-butenyl group, a 1,1,2-trimethyl-2-propenyl
group, a 1-t-butylethenyl group, a 1-methyl-1-ethyl-2-prope-
nyl group, a 1-ethyl-2-methyl-1-propenyl group, a 1-ethyl-2-
methyl-2-propenyl group, a 1-i-propyl-1-propenyl group, a
1-i-propyl-2-propenyl group, a 1-methyl-2-cyclopentenyl
group, a 1-methyl-3-cyclopentenyl group, a 2-methyl-1-cy-
clopentenyl group, a 2-methyl-2-cyclopentenyl group, a
2-methyl-3-cyclopentenyl group, a 2-methyl-4-cyclopente-
nyl group, a 2-methyl-5-cyclopentenyl group, a 2-methylene-
cyclopentyl group, a 3-methyl-1-cyclopentenyl group, a
3-methyl-2-cyclopentenyl group, a 3-methyl-3-cyclopente-
nyl group, a 3-methyl-4-cyclopentenyl group, a 3-methyl-5-
cyclopentenyl group, a 3-methylene-cyclopentyl group, a
1-cyclohexenyl group, a 2-cyclohexenyl group, and a 3-cy-
clohexenyl group.

Examples of the C,_,, aryl group include a phenyl group,
an o-methylphenyl group, an m-methylphenyl group, a p-me-
thylpheny!l group, an o-chlorophenyl group, an m-chlorophe-
nyl group, a p-chlorophenyl group, an o-fluorophenyl group,
a p-fluorophenyl group, an o-methoxyphenyl group, a
p-methoxyphenyl group, a p-nitrophenyl group, a p-cy-
anophenyl group, an a-naphthyl group, a p-naphthyl group,
an o-biphenylyl group, an m-biphenylyl group, a p-bipheny-
1yl group, a 1-anthryl group, a 2-anthryl group, a 9-anthryl
group, a l-phenanthryl group, a 2-phenanthryl group, a
3-phenanthryl group, a 4-phenanthryl group, and a 9-phenan-
thryl group.

The heterocyclic group is preferably an organic group
including a five- to six-membered heterocyclic ring contain-
ing nitrogen, sulfur, and oxygen, and examples thereof
include a pyrrole group, a furan group, a thiophene group, an
imidazole group, an oxazole group, a thiazole group, a pyra-
zole group, an isoxazole group, an isothiazole group, and a
pyridine group.

Examples of the divalent group derived from a cycloolefin
ring compound include divalent groups derived from norbor-
nadiene, dicyclopentadiene, tetracyclo[4.4.0.12,5.17,10]
dodeca-3,8-diene, and substituted tetracyclo[4.4.0.12,5.17,
10]dodeca-3,8-diene.

A repeating unit structure in the case where R> is a hydro-
gen atom in Formula (1) may be used. A repeating unit struc-
ture in the case where both nl and n2 are zero in Formula (1)
may be used. The case where R', R?, R?, and R each are a
hydrogen atom and R* is a benzene ring, a naphthalene ring,
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orapyrenering in Formula (1) may be preferably used. A case
where R® and R* form a ring together to form a fluorene
structure is also preferred.

A repeating unit structure in the case where R® is a hydro-
gen atom in Formula (2) may be used. A repeating unit struc-
ture in the case where both n3 and n4 are zero in Formula (2)
may be used.

A novolak resin containing a heterocyclic ring used in the
present invention is a novolak resin that is obtained by con-
densing a heterocyclic group-containing aromatic com-
pound, such as phenothiazine or phenoxazine, having a struc-
ture in which X is a sulfur atom or an oxygen atom in the unit
structure of Formula (1) with aldehydes or ketones, and the
heterocyclic group-containing aromatic compound may be
used alone or in combination of two or more types thereof.

A copolymer resin containing a heterocyclic ring used in
the invention of the present application is a copolymer resin of
a cycloolefin ring compound and a heterocyclic group-con-
taining aromatic compound, such as phenothiazine or phe-
noxazine, having a structure in which X2 is a sulfur atom or an
oxygen atom in the unit structure of Formula (2), and the
heterocyclic group-containing aromatic compound may be
used alone or in combination of two or more types thereof.

In production of the polymer of the present invention, to
produce the polymer containing the unit structure of Formula
(1) and the unit structure of Formula (3), or the polymer
containing the unit structure of Formula (2) and the unit
structure of Formula (4), a hydroxy group-containing aro-
matic compound may be used. Examples thereof include
phenol, dihydroxybenzene, trihydroxybenzene, naphthol,
dihydroxynaphthalene, trihydroxynaphthalene, hydroxyan-
thracene, dihydroxyanthracene, and trihydroxyanthracene.

Examples of the aldehydes used for producing the polymer
of'the present invention include saturated aliphatic aldehydes
such as formaldehyde, paraformaldehyde, acetaldehyde, pro-
pylaldehyde, butyraldehyde, isobutyraldehyde, valeralde-
hyde, capronaldehyde, 2-methylbutyraldehyde, hexanal,
undecanal, 7-methoxy-3,7-dimethyloctyl aldehyde, cyclo-
hexanal, 3-methyl-2-butyraldehyde, glyoxal, malonalde-
hyde, succinaldehyde, glutaraldehyde, glutaraldehyde, and
adipaldehyde; unsaturated aliphatic aldehydes such as
acrolein and methacrolein; heterocyclic aldehydes such as
furfural and pyridine aldehyde; and aromatic aldehydes such
as benzaldehyde, naphthylaldehyde, anthrylaldehyde,
phenanthrylaldehyde, salicylaldehyde, phenylacetaldehyde,
3-phenylpropionaldehyde, tolylaldehyde, (N,N-dimethy-
lamino)benzaldehyde, acetoxybenzaldehyde, and 1-pyren-
ecarboxyaldehyde. In particular, the aromatic aldehydes can
be preferably used.

As the ketones used for producing the polymer of the
present invention, diaryl ketones are used, and examples
thereof include diphenyl ketone, phenyl naphthyl ketone,
dinaphthyl ketone, phenyl tolyl ketone, ditolyl ketone, and
9-fluorenone.

The polymer used in the present invention is a novolak
resin obtained by condensing a heterocyclic group-contain-
ing aromatic compound with aldehydes or ketones. In this
condensation reaction, aldehydes or ketones can be used in an
amount of 0.1 to 10 equivalents per equivalent of phenyl
groups that are included in the heterocyclic group-containing
aromatic compound and involved in the reaction.

Examples of an acid catalyst used in the condensation
reaction include mineral acids such as sulfuric acid, phospho-
ric acid, and perchloric acid; organic sulfonic acids such as
p-toluenesulfonic acid and p-toluenesulfonic acid monohy-
drate; and carboxylic acids such as formic acid and oxalic
acid. The use amount of the acid catalyst is variously selected
depending on the type of an acid to be used. Generally, the
amount is 0.001 to 10,000 parts by mass, preferably 0.01 to
1,000 parts by mass, and more preferably 0.1 to 100 parts by
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mass with respect to 100 parts by mass of the heterocyclic
group-containing aromatic compound.

The condensation reaction may be performed without a
solvent, but is generally performed with a solvent. Any sol-
vent can be used as long as it does not inhibit the reaction.
Examples of the solvent include cyclic ethers such as tetrahy-
drofuran and dioxane. If the acid catalyst used is a liquid acid
such as formic acid, the catalyst can also serve as the solvent.
The reaction temperature during condensation is generally
40° C. to 200° C. The reaction time is variously selected
depending on the reaction temperature, but is generally about
30 minutes to 50 hours.

The weight-average molecular weight Mw of the polymer
thus obtained is generally 500 to 1,000,000, or 600 to 200,
000.

Alternatively, the polymer used in the present invention is

a copolymer resin of a heterocyclic group-containing aro-
matic compound and a cycloolefin ring compound. Examples
of'the acid catalyst for this reaction include mineral acids such
as sulfuric acid, phosphoric acid, and perchloric acid; organic
sulfonic acids such as p-toluenesulfonic acid, p-toluene-
sulfonic acid monohydrate, and trifluoromethanesulfonic
acid; and carboxylic acids such as formic acid and oxalic acid.
The use amount of the acid catalyst is variously selected
depending on the type of an acid to be used.
Generally, the amount is 0.001 to 10,000 parts by mass,
preferably 0.01 to 1,000 parts by mass, and more preferably
0.1 to 100 parts by mass with respect to 100 parts by mass of
the heterocyclic group-containing aromatic compound. The
reaction may be performed without a solvent, but is generally
performed with a solvent. Any solvent can be used as long as
it does not inhibit the reaction. Examples of the solvent
include cyclic ethers such as tetrahydrofuran and dioxane and
butyl cellosolve. If the acid catalyst used is a liquid acid such
as formic acid, the catalyst can also serve as the solvent. The
reaction temperature is generally 40° C. to 200° C. The reac-
tion time is variously selected depending on the reaction
temperature, but is generally about 30 minutes to 50 hours.
The weight-average molecular weight Mw of the polymer
thus obtained is generally 500 to 1,000,000, or 600 to 200,
000.

Examples of the cycloolefin ring compound used for pro-
ducing the polymer of the present invention include norbor-
nadiene, dicyclopentadiene, tetracyclo[4.4.0.12,5.17,10]
dodeca-3,8-diene, and substituted tetracyclo[4.4.0.12,5.17,
10]dodeca-3,8-diene.

The polymer containing the unit structure of Formula (1),
the polymer containing the unit structure of Formula (1) and
the unit structure of Formula (3), the polymer containing the
unit structure of Formula (2), and the polymer containing the
unit structure of Formula (2) and the unit structure of Formula
(4) are exemplified as follows.

Formula (2-1)
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The polymer can be used by being mixed with another
polymer at a content of 30% by mass or less in the total
polymers.

Examples of the other polymer include polyacrylic acid
ester compounds, polymethacrylic acid ester compounds,
polyacrylamide compounds, polymethacrylamide com-
pounds, polyvinyl compounds, polystyrene compounds,
polymaleimide compounds, polymaleic acid anhydride, and
polyacrylonitrile compounds.

Examples of raw material monomers of the polyacrylic
acid ester compounds include methyl acrylate, ethyl acrylate,
isopropyl acrylate, benzyl acrylate, naphthyl acrylate, anthryl
acrylate, anthrylmethyl acrylate, phenyl acrylate, 2-hydroxy-
ethyl acrylate, 2-hydroxypropyl acrylate, 2,2,2-trifluoroethyl
acrylate, 4-hydroxybutyl acrylate, isobutyl acrylate, tert-bu-
tyl acrylate, cyclohexyl acrylate, isobornyl acrylate, 2-meth-
oxyethyl acrylate, methoxytriethylene glycol acrylate,
2-ethoxyethyl acrylate, tetrahydrofurfuryl acrylate, 3-meth-
oxybutyl acrylate, 2-methyl-2-adamantyl acrylate, 2-ethyl-2-
adamantyl acrylate, 2-propyl-2-adamantyl acrylate, 2-meth-
oxybutyl-2-adamantyl acrylate, 8-methyl-8-tricyclodecyl
acrylate, 8-ethyl-8-tricyclodecyl acrylate, and 5-acryloyloxy-
6-hydroxynorbornene-2-carboxylic-6-lactone.

Examples of raw material monomers of the poly-
methacrylic acid ester compounds include ethyl methacry-
late, n-propyl methacrylate, n-pentyl methacrylate, cyclo-
hexyl methacrylate, benzyl methacrylate, naphthyl
methacrylate, anthryl methacrylate, anthrylmethyl methacry-
late, phenyl methacrylate, 2-phenylethyl methacrylate, 2-hy-
droxyethyl methacrylate, 2-hydroxypropyl methacrylate,
2,2 2-trifluoroethyl methacrylate, 2,2,2-trichloroethyl meth-
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acrylate, methyl acrylate, isobutyl methacrylate, 2-ethylhexyl
methacrylate, iso-decyl methacrylate, n-lauryl methacrylate,
n-stearyl methacrylate, methoxydiethylene glycol methacry-
late, methoxypolyethylene glycol methacrylate, tetrahydro-
furfuryl methacrylate, isobornyl methacrylate, tert-butyl
methacrylate, isostearyl methacrylate, n-butoxyethyl meth-
acrylate, 3-chloro-2-hydroxypropyl methacrylate, 2-methyl-
2-adamantyl methacrylate, 2-ethyl-2-adamantyl methacry-
late, 2-propyl-2-adamantyl methacrylate, 2-methoxybutyl-2-
adamantyl methacrylate, 8-methyl-8-tricyclodecyl
methacrylate, 8-ethyl-8-tricyclodecyl methacrylate, 5-meth-
acryloyloxy-6-hydroxy-norbornene-2-carboxylic-6-lactone,
and 2,2,3,3,4,4,4-heptafluorobutyl methacrylate.

Examples of raw material monomers of the polyacryla-
mide compounds include acrylamide, N-methyl acrylamide,
N-ethyl acrylamide, N-benzyl acrylamide, N-phenyl acryla-
mide, and N,N-dimethyl acrylamide.

Examples of raw material monomers of polymethacrylic
acid amide compounds include methacrylamide, N-methyl
methacrylamide, N-ethyl methacrylamide, N-benzyl meth-
acrylamide, N-phenyl methacrylamide, and N,N-dimethyl
methacrylamide.

Examples of raw material monomers of'the polyvinyl com-
pounds include vinyl ether, methyl vinyl ether, benzylvinyl
ether, 2-hydroxyethylvinyl ether, phenylvinyl ether, and pro-
pylvinyl ether.

Examples of raw material monomers of the polystyrene
compounds include styrene, methylstyrene, chlorostyrene,
bromostyrene, and hydroxystyrene.

Examples of raw material monomers of the polymaleimide
compounds include maleimide, N-methylmaleimide, N-phe-
nylmaleimide, and N-cyclohexylmaleimide.

These polymers can be produced by dissolving, in an
organic solvent, addition-polymerizable monomers and a
chain transfer agent (10% or less with respect to the mass of
monomers) that is added as necessary, adding a polymeriza-
tion initiator to perform polymerization reaction, and then
adding a polymerization terminator to terminate the reaction.
The addition amount of the polymerization initiator is 1 to
10% with respect to the mass of monomers, and the addition
amount of the polymerization terminator is 0.01 to 0.2% by
mass. Examples of the organic solvent used include propy-
lene glycol monomethyl ether, propylene glycol monopropyl
ether, ethyl lactate, cyclohexanone, methyl ethyl ketone, dim-
ethylformamide or the like. Examples of the chain transfer
agent include dodecanethiol and dodecylthiol. Examples of
the polymerization initiator include azobisisobutyronitrile
and azobiscyclohexanecarbonitrile. Examples of the poly-
merization terminator include 4-methoxyphenol. The reac-
tion temperature is appropriately selected from a range from
30 to 100° C., and the reaction time is appropriately selected
from a range from 1 to 48 hours.

The resist underlayer film-forming composition of the
present invention may contain a cross-linking agent compo-
nent. Examples of the cross-linking agent include melamine-
based agents, substituted urea-based agents, and polymer-
based agents thereof. Preferred cross-linking agents have at
least two cross-link forming substituents, and examples of the
cross-linking agents include compounds such as methoxym-
ethylated glycoluril, butoxymethylated glycoluril, meth-
oxymethylated melamine, butoxymethylated melamine,
methoxymethylated benzoguanamine, butoxymethylated
benzoguanamine, methoxymethylated urea, butoxymethy-
lated urea, methoxymethylated thiourea, and methoxymethy-
lated thiourea. Condensation products of these compounds
can also be used.
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A cross-linking agent having high heat resistance can be
used as the cross-linking agent. As the cross-linking agent
having high heat resistance, a compound containing a cross-
link forming substituent having an aromatic ring (e.g., a ben-
zene ring or a naphthalene ring) in the molecule can be pref-
erably used.

Examples of this compound include compounds having a
partial structure of Formula (5) below, and polymers or oli-
gomers having a repeating unit of Formula (6) below.

Formula (5)
<i\/(OR15)n10
)
\ P OR)1
Formula (6)
(OR' )12
7 |
x

R'®),13

In Formula (5), R*® and R'® each are a hydrogen atom, a
C, o alkyl group, or a Cy_,, aryl group; n10 is an integer of 1
to 4; nl1 is an integer of 1 to (5-n10); and (n10+n11) is an
integer of 2 to 5.

In Formula (6), R'7 is a hydrogen atom or a C,_,,, alkyl
group; R'®is a C,_,, alkyl group; n12 is an integer of 1 to 4;
nl3is0to (4-n12); and (n12+n13) is an integer of 1 to 4. The
number of repeating unit structures of oligomers and poly-
mers that can be used is in a range of 2 to 100 or 2 to 50.

The alkyl group and the aryl group herein can be exemplified
by the alkyl groups and the aryl groups described above.

The compounds, polymers, and oligomers of Formula (5)
and Formula (6) are exemplified as follows.

Formula (3-1)
OH
HOH,C
CH,OH
Formula (3-2)
OH
HOH,C
CH,OH
Formula (3-3)
OH OH
HOH,C CH,0H
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Formula (3-4)
CH,OH
OH
Formula (3-5)
HOM,C ‘ CH,OH
OH
Formula (3-6)
OH
HOH,C CHZOH
Formula (3-7)
OH
HOH,C ~<>—CHZOH
Formula (3-8)
OH
HOH,C ~$CHZOH
Formula (3-9)
OH
HOH,C CH,OH

o

Formula (3-10)
OH

HOH,C CH,OH

G
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Formula (3-11)

/ OH

CH,OH

Formula (3-12)

Formula (3-13)

Formula (3-14)

OH OH OH
HOHZCWCHZOH

oH
HOHZC~©—CHZOH

CHLOH

OH
HOH,C ;<>ZCHZOH

CH,OH

HOH,C CHLOH
HO oH

CH,OH CH,OH

Formula (3-15)

Formula (3-16)

Formula (3-17)
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Formula (3-18)
HOH,C CH,OH
HO OH
HOH,C CH,OH
Formula (3-19)
OH
HOH,C CH,OH
HOH,C CH,OH
OH
Formula (3-20)
HOH,C CH,OH
HO CH, OH
HOH,C CH,0H
Formula (3-21)
HOH,C CH,OH
" H >
HOH,C CH,OH
Formula (3-22)
H;COH,LC CH,0CH;
" HOH
H;COH,C CH,0CH;
Formula (3-23)
OH
H3;COH,C CH,OCH;
Formula (3-24)
HOH,C CH,OH
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-continued
Formula (3-25)
OH

H;COH,C

CH,OCH;

Formula (3-26)

Formula (3-27)

H;COH,C

H;COH,C

OH

These compounds are available as products of Asahi

Organic Chemicals Industry Co., Ltd. and Honshu Chemical
Industry Co., Ltd. For example, the compound of Formula
(3-21) among the cross-linking agents is available as TM-
BIP-A (trade name) from Asahi Organic Chemicals Industry
Co., Ltd.
The addition amount of the cross-linking agent depends on a
solvent used for application, an underlying substrate used, a
solution viscosity required, and a film shape required, for
example, and is 0.001 to 80% by mass, preferably 0.01 to 50%
by mass, and more preferably 0.05 to 40% by mass with
respect to the total solid contents. These cross-linking agents
may cause cross-linking reaction by self-condensation but,
when a cross-linkable substituent exists in the polymer of the
present invention, the cross-linking agents can cause cross-
linking reaction with the cross-linkable substituent.

In the present invention, as a catalyst for promoting the
cross-linking reaction, an acidic compound such as p-tolu-
enesulfonic acid, triffuoromethanesulfonic acid, pyridinium
p-toluenesulfonic acid, salicylic acid, sulfosalicylic acid, cit-
ric acid, benzoic acid, hydroxybenzoic acid, or naphthalen-
ecarboxylic acid; and/or a thermal acid generator such as
2,4.4,6-tetrabromocyclohexadienone, benzoin tosylate, 2-ni-
trobenzyl tosylate, or other organic sulfonic acid alkyl esters
can be blended. The blending amount of the catalyst is 0.0001
to 20% by mass, preferably 0.0005 to 10% by mass, and
preferably 0.01 to 3% by mass with respect to the total solid
contents.

A photoacid generator can be added to the coating-type
resist underlayer film-forming composition for lithography of
the present invention in order to match the acidity with that of
aphotoresist that is coated on the upper layer in a lithography
step. Examples of the photoacid generator preferred include
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onium salt-based photoacid generators such as bis(4-t-bu-
tylphenyl)iodonium trifluoromethanesulfonate and triphenyl
sulfonium trifluoromethanesulfonate; halogen-containing
compound-based photoacid generators such as phenyl-bis
(trichloromethyl)-s-triazine; and sulfonic acid-based photo-
acid generators such as benzoin tosylate and N-hydroxysuc-
cinimide trifluoromethanesulfonate. The addition amount of
the photoacid generator is 0.2 to 10% by mass, and preferably
0.4 to 5% by mass with respect to the total solid contents.

A light absorber, a rheology control agent, an adhesion

assistant, and a surfactant, for example, other than the agents
above can be further added as necessary to the resist under-
layer film material for lithography of the present invention.
Examples of such an additional light absorber include com-
mercially available light absorbers described in “Kogyo-yo
Shikiso no Gijutsu to Shijo (Technology and Market of Indus-
trial Dyes)” (CMC Publishing) or “Senryo Binran (Handbook
for Dyes)” (edited by The Society of Synthetic Organic
Chemistry, Japan). For example, C. 1. Disperse Yellow 1, 3, 4,
5,7,8,13,23,31,49,50, 51, 54, 60, 64, 66, 68,79, 82, 88, 90,
93,102, 114, and 124; C. 1. Disperse Orange 1, 5, 13, 25, 29,
30,31, 44, 57, 72, and 73; C. I. Disperse Red 1, 5, 7, 13, 17,
19, 43,50, 54,58, 65,72,73,88,117,137,143,199, and 210;
C. L. Disperse Violet 43; C. 1. Disperse Blue 96; C. 1. Fluo-
rescent Brightening Agent 112, 135, and 163; C. 1. Solvent
Orange 2 and 45; C. 1. Solvent Red 1, 3, 8, 23, 24,25, 27, and
49; C. 1. Pigment Green 10; and C. 1. Pigment Brown 2 can be
suitably used.
These light absorbers are generally blended in a proportion of
10% by mass or less, and preferably 5% by mass or less, with
respect to the total solids of the resist underlayer film material
for lithography.

The rheology control agent is added mainly for the purpose
of improving the flowability of the resist underlayer film-
forming composition and, particularly in a baking step,
improving the film thickness uniformity of the resist under-
layer film and enhancing the filling ability of the resist under-
layer film-forming composition into holes. Specific examples
of'the rheology control agent include phthalic acid derivatives
such as dimethyl phthalate, diethyl phthalate, diisobutyl
phthalate, dihexyl phthalate, and butylisodecyl phthalate;
adipic acid derivatives such as di-n-butyl adipate, diisobutyl
adipate, diisooctyl adipate, and octyl decyl adipate; maleic
acid derivatives such as di-n-butyl maleate, diethyl maleate,
and dinonyl maleate; oleic acid derivatives such as methyl
oleate, butyl oleate, and tetrahydrofurfuryl oleate; or stearic
acid derivatives such as n-butyl stearate, and glyceryl stear-
ate. These rheology control agents are generally blended in a
proportion smaller than 30% by mass with respect to the total
solid contents of the resist underlayer film material for lithog-
raphy.

The adhesion assistant is added mainly for the purpose of
improving the adhesiveness between the substrate or the
resist and the resist underlayer film-forming composition,
and particularly preventing the resist from peeling off during
development. Specific examples of the adhesion assistant
include chlorosilanes such as trimethylchlorosilane, dimeth-
ylvinylchlorosilane, methyldiphenylchlorosilane, and chlo-
romethyldimethylchlorosilane; alkoxysilanes such as trim-
ethylmethoxysilane, dimethyldiethoxysilane,
methyldimethoxysilane, dimethylvinylethoxysilane, diphe-
nyldimethoxysilane, and phenyltriethoxysilane; silazanes
such as hexamethyldisilazane, N,N'-bis(trimethylsilyl)urea,
dimethyltrimethylsilylamine, and trimethylsilylimidazole;
silanes such as vinyltrichlorosilane, y-chloropropyltri-
methoxysilane, y-aminopropyltriethoxysilane, and y-glyci-
doxypropyltrimethoxysilane; heterocyclic compounds such
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as benzotriazole, benzimidazole, indazole, imidazole, 2-mer-
captobenzimidazole, 2-mercaptobenzothiazole, 2-mercapto-
benzoxazole, urazole, thiouracil, mercaptoimidazole, and
mercaptopyrimidine; urea such as 1,1-dimethylurea and 1,3-
dimethylurea; and thiourea compounds.

These adhesion assistants are generally added in a proportion
smaller than 5% by mass, and preferably smaller than 2% by
mass with respect to the total solid contents of the resist
underlayer film material for lithography.

A surfactant can be blended into the resist underlayer film
material for lithography of the present invention in order to
further improve coating properties against surface irregulari-
ties without occurrence of pinholes or striations, for example.
Examples of the surfactant include nonionic surfactants
including polyoxyethylene alkyl ethers such as polyoxyeth-
ylene lauryl ether, polyoxyethylene stearyl ether, polyoxyeth-
ylene cetyl ether, and polyoxyethylene oleyl ether; polyoxy-
ethylene alkylallyl ethers such as polyoxyethylene
octylphenol ether and polyoxyethylene nonylphenol ether;
polyoxyethylene-polyoxypropylene block copolymers; sor-
bitan fatty acid esters such as sorbitan monolaurate, sorbitan
monopalmitate, sorbitan monostearate, sorbitan monooleate,
sorbitan trioleate, and sorbitan tristearate; and polyoxyethyl-
ene sorbitan fatty acid esters such as polyoxyethylene sorbi-
tan monolaurate, polyoxyethylene sorbitan monopalmitate,
polyoxyethylene sorbitan monostearate, polyoxyethylene
sorbitan trioleate, and polyoxyethylene sorbitan tristearate;
fluorine based surfactants including EFTOP EF301, EF303,
EF352 (manufactured by Tohkem Products Corp., trade
names), MEGAFAC F171, F173, R-30 (manufactured by
Dainippon Ink and Chemicals, Inc., trade names), FLUO-
RAD FC430, FC431 (manufactured by Sumitomo 3M Ltd.,
trade names), ASAHI GUARD AG710, and SURFLON
S-382, SC101, SC102, SC103, SC104, SC105, SC106
(manufactured by Asahi Glass Co., Ltd., trade names); and an
organosiloxane polymer KP341 (manufactured by Shin-Etsu
Chemical Co., Ltd.). The blending amount of these surfac-
tants is generally 2.0% by mass or less, and preferably 1.0%
by mass or less with respect to the total solid contents of the
resist underlayer film material for lithography of the present
invention. These surfactants may be added alone or may be
added in combination of two or more types.

In the present invention, examples of usable solvents that
dissolve polymers, cross-linking agent components, and
cross-linking catalysts, for example, described above include
ethylene glycol monomethyl ether, ethylene glycol monoet-
hyl ether, methyl cellosolve acetate, ethyl cellosolve acetate,
diethylene glycol monomethyl ether, diethylene glycol
monoethyl ether, propylene glycol, propylene glycol monom-
ethyl ether, propylene glycol monomethyl ether acetate, pro-
pylene glycol monoethyl ether, propylene glycol monoethyl
ether acetate, propylene glycol propyl ether acetate, toluene,
xylene, methyl ethyl ketone, cyclopentanone, cyclohex-
anone, ethyl 2-hydroxypropionate, ethyl 2-hydroxy-2-meth-
ylpropionate, ethyl ethoxyacetate, ethyl hydroxyacetate,
methyl 2-hydroxy-3-methylbutanoate, methyl 3-methox-
ypropionate, ethyl 3-methoxypropionate, ethyl 3-ethoxypro-
pionate, methyl 3-ethoxypropionate, methyl pyruvate, ethyl
pyruvate, ethyl acetate, butyl acetate, ethyl lactate, and butyl
lactate. These organic solvents are used alone or in combina-
tion of two or more types.

High-boiling point solvents such as propylene glycol
monobutyl ether and propylene glycol monobutyl ether
acetate can be mixed to be used. Among these solvents, pro-
pylene glycol monomethyl ether, propylene glycol monom-
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ethyl ether acetate, ethyl lactate, butyl lactate, and cyclohex-
anone, for example, are preferably used to improve leveling
properties.

The resist used in the present invention is a photoresist or
an electron beam resist.

As the photoresist that is applied onto the resist underlayer
film for lithography of the present invention, both a positive
photoresist and a negative photoresist can be used. The pho-
toresist may be, for example, a positive photoresist including
anovolak resin and 1,2-naphthoquinone diazide sulfonic acid
ester; a chemically amplified photoresist including a photo-
acid generator and a binder having a group that is decom-
posed by an acid to increase the alkali dissolution rate; a
chemically amplified photoresist including an alkali-soluble
binder, a low molecular compound that is decomposed by an
acid to increase the alkali dissolution rate of the photoresist,
and a photoacid generator; a chemically amplified photoresist
including a binder having a group that is decomposed by an
acid to increase the alkali dissolution rate, a low molecular
compound that is decomposed by an acid to increase the alkali
dissolution rate of the photoresist, and a photoacid generator;
or a photoresist including an Si atom in the skeleton.
Examples of the photoresist include APEX-E (trade name)
manufactured by Rohm and Haas Co.

Examples of the electron beam resist applied onto the resist
underlayer film for lithography of the present invention
include a composition made up of a resin that includes an
Si—S8i bond in a main chain and includes an aromatic ring at
an end and of an acid generator that generates an acid by
irradiation with electron beams; and a composition made up
of a polyp-hydroxystyrene) in which a hydroxy group is
substituted with an organic group containing N-car-
boxyamine and of an acid generator that generates an acid by
irradiation with electron beams. In the latter electron beam
resist composition, the acid generated from the acid generator
by electron beam irradiation reacts with the N-carboxyami-
noxy group on a side chain of the polymer, then the polymer
side chain decomposes into hydroxy groups, and the polymer
becomes alkali-soluble and dissolves in an alkaline developer
to form a resist pattern. Examples of the acid generator that
generates an acid by irradiation with electron beams include
halogenated organic compounds such as 1,1-bis[p-chlo-
rophenyl]-2,2,2-trichloroethane, 1,1-bis[p-methoxyphenyl]-
2,2 2-trichloroethane, 1,1-bis[p-chlorophenyl]-2,2-dichloro-
ethane, and 2-chloro-6-(trichloromethyl)pyridine; onium
salts such as a triphenyl sulfonium salt and a diphenyl iodo-
nium salt; and sulfonic acid esters such as nitrobenzyl tosy-
late and dinitrobenzyl tosylate.

As the developer for a resist having a resist underlayer film
that is formed using the resist underlayer film material for
lithography of the present invention, aqueous solutions of
alkalis including inorganic alkalis such as sodium hydroxide,
potassium hydroxide, sodium carbonate, sodium silicate,
sodium metasilicate, and aqueous ammonia; primary amines
such as ethylamine and n-propylamine; secondary amines
such as diethylamine and di-n-butylamine; tertiary amines
such as triethylamine and methyldiethylamine; alcohol
amines such as dimethylethanolamine and triethanolamine;
quaternary ammonium salts such as tetramethylammonium
hydroxide, tetracthylammonium hydroxide, and choline; and
cyclic amines such as pyrrole and piperidine can be used. An
alcohol such as isopropyl alcohol or a surfactant such as a
nonionic surfactant can be added to these aqueous alkaline
solutions in appropriate amount for use. Among these devel-
opers, the quaternary ammonium salts are preferred, and tet-
ramethylammonium hydroxide and choline are more pre-
ferred.
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The method for forming a resist pattern of the present
invention will be described below. The resist underlayer film-
forming composition is applied onto a substrate (e.g., a trans-
parent substrate such as a silicon/silicon dioxide coat, a glass
substrate, or an ITO substrate) that is used in the production of
precision integrated circuit elements by an appropriate coat-
ing method using a spinner or a coater, for example, and then
is cured by baking to prepare a coating-type underlayer film.
The thickness of the resist underlayer film is preferred to be
0.01 to 3.0 um. As conditions of the baking after the applica-
tion, the temperature is 80 to 350° C., and the period of time
is 0.5 to 120 minutes. Subsequently, a resist is applied directly
onto the resist underlayer film or, as necessary, onto a film
formed by applying one to several layers of coating film
material onto a coating-type resist underlayer film. Light or
electron beams is radiated thereon via a predetermined mask,
and then development, rinsing, and drying are performed,
whereby a preferable resist pattern can be obtained. Heating
may be performed after irradiation with light or electron
beams (post exposure baking: PEB) as necessary. The resist
underlayer film is then removed by dry etching from portions
in which the resist was removed through development in the
above-described step, and thus a desired pattern can be
formed on the substrate.

The exposure light to the photoresists is actinic rays such as
near-ultraviolet rays, far-ultraviolet rays, and extreme-ultra-
violet rays (e.g., EUV, wavelength of 13.5 nm). For example,
light having a wavelength 0f 248 nm (KrF laser light), 193 nm
(ArF laser light), or 157 nm (F, laser light) is used. The light
irradiation method is not particularly limited as long as an
acid can be generated from a photoacid generator and, for
example, the exposure amount is 1 to 2,000 mJ/cm?, 10 to
1,500 mJ/em?, or 50 to 1,000 mJ/cm?.

Electron beam irradiation of the electron beam resist can be
performed by using an electron beam irradiation device, for
example.

In the present invention, a semiconductor device can be
produced through: a step of forming a resist underlayer film,
using the resist underlayer film-forming composition, on a
semiconductor substrate; a step of forming a resist film
thereon; a step of forming a resist pattern by irradiation with
light or electron beams and development; a step of etching the
resist underlayer film using the resist pattern; and a step of
fabricating the semiconductor substrate using the resist
underlayer film patterned.

When a finer resist pattern is further pursued, a problem of
resolution and a problem in which the resist pattern collapses
after development may occur, and thus thinner resists are
required. This makes it difficult to achieve sufficient resist
pattern film thickness for fabrication of a substrate, and thus
a process has become necessary in which the function of a
mask during the substrate fabrication is imparted not only to
the resist pattern, but also to a resist underlayer film that is
formed between the resist and a semiconductor substrate to be
fabricated. As a resist underlayer film for such a process,
unlike a conventional resist underlayer film having a high
etching-rate property, a resist underlayer film for lithography
having a selection ratio of dry etching rate that is close to that
of a resist, a resist underlayer film for lithography having a
selection ratio of dry etching rate that is smaller than that of
the resist, or a resist underlayer film for lithography having a
selection ratio of dry etching rate that is smaller than that of a
semiconductor substrate is required. An anti-reflection prop-
erty can be imparted to such a resist underlayer film, which
enables the resist underlayer film to serve as a conventional
anti-reflective coating.
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To obtain fine resist patterns, a process has also begun to be
used in which a resist pattern and a resist underlayer film upon
dry etching of a resist underlayer film are set to be thinner than
the pattern width at the time of resist development. As a resist
underlayer film for such a process, unlike a conventional
anti-reflective coating having a high etching-rate property, a
resist underlayer film having a selection ratio of dry etching
rate that is close to that of a resist is required. An anti-
reflection property can be imparted to such a resist underlayer
film, which enables the resist underlayer film to serve as a
conventional anti-reflective coating.

In the present invention, after the resist underlayer film of
the present invention is formed on a substrate, a resist can be
applied directly onto the resist underlayer film or, as neces-
sary, onto a film formed by applying one to several layers of
coating film material onto the resist underlayer film. Accord-
ingly, the substrate can be fabricated by selecting an appro-
priate etching gas even if the pattern width of the resist is
narrow and the resist is thinly coated in order to prevent
pattern collapse.

More specifically, a semiconductor device can be produced
through: a step of forming the resist underlayer film on a
semiconductor substrate using the resist underlayer film-
forming composition; a step of forming thereon a hard mask
using a coating film material that contains a silicon compo-
nent, for example, or a hard mask (e.g., silicon oxynitride) by
deposition; a step of further forming a resist film thereon; a
step of forming a resist pattern by irradiation with light or
electron beams and development; a step of etching the hard
mask using the resist pattern with a halogen-based gas; a step
of etching the resist underlayer film using the hard mask
patterned with an oxygen-based gas or a hydrogen-based gas;
and a step of fabricating the semiconductor substrate using
the resist underlayer film patterned with a halogen-based gas.

When the effect of the resist underlayer film-forming com-
position for lithography of the present invention serving as an
anti-reflective coating is considered, the light-absorbing por-
tions are incorporated in the skeleton and thus no substances
diffuse into the photoresist during drying by heating. The
light-absorbing portions also have sufficiently high light-ab-
sorbing ability, and thus the resist underlayer film exhibits
high anti-reflection effect.

The resist underlayer film-forming composition for lithog-
raphy of the present invention exhibits high thermal stability,
can prevent contamination of an upper layer film caused by
decomposition products during baking, and can provide a
sufficient temperature margin during the baking step.

Furthermore, the resist underlayer film material for lithog-
raphy of the present invention can be used as a film that,
depending on the process conditions, has a function of pre-
venting reflection of light and also a function of preventing
interactions between the substrate and the photoresist or pre-
venting adverse effects on the substrate caused by materials
that are used in the photoresist or by substances that are
generated during exposure of the photoresist to light.

EXAMPLES
Synthesis Example 1

8.0 g of phenothiazine (manufactured by Tokyo Chemical
Industry Co., Ltd.), 6.3 g of 1-naphthaldehyde, (manufac-
tured by Tokyo Chemical Industry Co., Ltd.), 0.81 g of p-tolu-
enesulfonic acid monohydrate (manufactured by Tokyo
Chemical Industry Co., Ltd.), and 35.2 g of 1,4-dioxane
(manufactured by Kanto Chemical Co., Inc.) were put in a
100-ml recovery flask. Thereafter, the interior of the flask was
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purged with nitrogen, and then the flask was heated with
stirring under reflux for about 28 hours. After the reaction was
completed, the solution was diluted with 10 g of 1,4-dioxane
(manufactured by Kanto Chemical Co., Inc.). The diluted
solution was dropped into a mixed solution of methanol/28%
aqueous ammonia (500 g/5 g) for reprecipitation. The
obtained precipitate was suction-filtered, and the residue was
washed with methanol and then dried under reduced pressure
for one night at 85° C., whereby 5.8 g of novolak resin was
obtained. The obtained polymer corresponded to that of For-
mula (2-1). The weight-average molecular weight Mw mea-
sured in terms of polystyrene by GPC was 1,200.

Synthesis Example 2

12.0 g of phenothiazine (manufactured by Tokyo Chemical
Industry Co., Ltd.), 6.4 g of benzaldehyde (manufactured by
Tokyo Chemical Industry Co., Ltd.), 1.2 g of p-toluene-
sulfonic acid monohydrate (manufactured by Tokyo Chemi-
cal Industry Co., Ltd.), and 112.8 g of 1,4-dioxane (manufac-
tured by Kanto Chemical Co., Inc.) were put in a 100-ml
recovery flask. Thereafter, the interior of the flask was purged
with nitrogen, and then the flask was heated with stirring
under reflux for about 26 hours. After the reaction was com-
pleted, the solution was diluted with 22 g of tetrahydrofuran
(manufactured by Kanto Chemical Co., Inc.). The diluted
solution was dropped into 750 g of methanol for reprecipita-
tion. The obtained precipitate was suction-filtered, and the
residue was washed with methanol and then dried under
reduced pressure for one night at 85° C., whereby 2.2 g of
novolak resin was obtained. The obtained polymer corre-
sponded to that of Formula (2-2). The weight-average
molecular weight Mw measured in terms of polystyrene by
GPC was 6,800.

Synthesis Example 3

10.0 g of phenothiazine (manufactured by Tokyo Chemical
Industry Co., Ltd.), 9.1 g of 9-fluorenone (manufactured by
Tokyo Chemical Industry Co., Ltd.), 1.0 g of p-toluene-
sulfonic acid monohydrate (manufactured by Tokyo Chemi-
cal Industry Co., Ltd.), and 46.8 g of toluene (manufactured
by Kanto Chemical Co., Inc.) were put in a 100-ml recovery
flask. Thereafter, the interior of the flask was purged with
nitrogen, and then the flask was heated with stirring under
reflux for about 29 hours. After the reaction was completed,
the solution was diluted with 10.4 g of tetrahydrofuran
(manufactured by Kanto Chemical Co., Inc.). The diluted
solution was dropped into 800 ml of methanol for reprecipi-
tation. The obtained precipitate was suction-filtered, and the
residue was washed with methanol and then dried under
reduced pressure for one night at 85° C., whereby 12.4 g of
novolak resin was obtained. The obtained polymer corre-
sponded to that of Formula (2-3). The weight-average
molecular weight Mw measured in terms of polystyrene by
GPC was 800.

Synthesis Example 4

5.22 g of phenoxazine (manufactured by Tokyo Chemical
Industry Co., Ltd.), 4.45 g of 1-naphthaldehyde (manufac-
tured by Tokyo Chemical Industry Co., Ltd.), 0.67 g of p-tolu-
enesulfonic acid monohydrate (manufactured by Tokyo
Chemical Industry Co., L.td.), 11.93 g of toluene (manufac-
tured by Kanto Chemical Co., Inc.), and 11.93 g of 1,4-
dioxane (manufactured by Kanto Chemical Co., Inc.) were
put in a 100-ml recovery flask. Thereafter, the interior of the
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flask was purged with nitrogen, and then the flask was heated
with stirring under reflux for about 30 hours. After the reac-
tion was completed, the solution was diluted with 10.0 g of
1,4-dioxane (manufactured by Kanto Chemical Co., Inc.).
The diluted solution was dropped into 500 ml of methanol for
reprecipitation. The obtained precipitate was suction-filtered,
and the residue was washed with methanol and then dried
under reduced pressure for one night at 85° C., whereby 4.4 g
of novolak resin was obtained. The obtained polymer corre-
sponded to that of Formula (2-9). The weight-average
molecular weight Mw measured in terms of polystyrene by
GPC was 2,500.

Synthesis Example 5

20.0 g of phenothiazine (manufactured by Tokyo Chemical
Industry Co., Ltd.), 12.7 g of phloroglucinol (manufactured
by Tokyo Chemical Industry Co., [.td.), 33.5 g of 1-naphthal-
dehyde (manufactured by Tokyo Chemical Industry Co.,
Ltd.), 2.0 g of methanesulfonic acid (manufactured by Tokyo
Chemical Industry Co.,Ltd.), and 154.1 gof propylene glycol
monomethyl ether were putin a 300-ml recovery flask. There-
after, the mixture was stirred under reflux for about 8 hours.
After the reaction was completed, the reaction solution was
dropped into methanol for reprecipitation. The obtained pre-
cipitate was suction-filtered, and the residue was washed with
methanol and then dried under reduced pressure for one night
at 85° C., whereby 28.1 g of novolak resin was obtained. The
obtained polymer corresponded to that of Formula (2-29).
The weight-average molecular weight Mw measured in terms
of polystyrene by GPC was 1,100.

Synthesis Example 6

7.0 g of phenothiazine (manufactured by Tokyo Chemical
Industry Co., Ltd.), 5.6 g of 1,5-dihydroxynaphthalene
(manufactured by Tokyo Chemical Industry Co.,[.td.), 10.2 g
of 1-naphthaldehyde (manufactured by Tokyo Chemical
Industry Co., Litd.), 0.67 g of methanesulfonic acid (manu-
factured by Tokyo Chemical Industry Co., Ltd.),and 55.2 g of
propylene glycol monomethyl ether were put in a 100-ml
recovery flask. Thereafter, the mixture was stirred under
reflux for about 3 hours. After the reaction was completed, the
reaction solution was dropped into methanol for reprecipita-
tion. The obtained precipitate was suction-filtered, and the
residue was washed with methanol and then dried under
reduced pressure for one night at 85° C., whereby 12.2 g of
novolak resin was obtained. The obtained polymer corre-
sponded to that of Formula (2-30). The weight-average
molecular weight Mw measured in terms of polystyrene by
GPC was 4,300.

Synthesis Example 7

15.0 g of phenothiazine (manufactured by Tokyo Chemical
Industry Co., Ltd.), 9.97 g of dicyclopentadiene (manufac-
tured by Tokyo Chemical Industry Co., Ltd.), 1.1 g of trifluo-
romethanesulfonic acid (manufactured by Tokyo Chemical
Industry Co., L.td.), and 46.4 g of butyl cellosolve were put in
a 100-ml recovery flask. Thereafter, the mixture was stirred
under reflux for about 8 hours. After the reaction was com-
pleted, the reaction solution was dropped into methanol for
reprecipitation. The obtained precipitate was suction-filtered,
and the residue was washed with methanol and then dried
under reduced pressure for one night at 85° C., whereby 12.2
g of copolymer resin was obtained. The obtained polymer
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corresponded to that of Formula (2-31). The weight-average
molecular weight Mw measured in terms of polystyrene by
GPC was 2,500.

Synthesis Example 8

13.0 g of phenothiazine (manufactured by Tokyo Chemical
Industry Co., [.td.), 9.79 g of terephthalaldehydic acid (manu-
factured by Tokyo Chemical Industry Co., [.td.), 1.31 g of
para-toluenesulfonic acid monohydrate (manufactured by
Tokyo Chemical Industry Co., Ltd.), and 56.2 g of dioxane
were put in a 100-ml recovery flask. Thereafter, the mixture
was stirred under reflux for about 8 hours. After the reaction
was completed, the reaction solution was dropped into a
mixed solution of methanol/water (400 m1/100 ml) for repre-
cipitation. The obtained precipitate was suction-filtered, and
the residue was washed with methanol and then dried under
reduced pressure for one night at 85° C., whereby 13.7 g of
novolak resin was obtained. The obtained polymer corre-
sponded to that of Formula (2-7). The weight-average
molecular weight Mw measured in terms of polystyrene by
GPC was 2,510.

Comparative Synthesis Example 1

8.0 g of carbazole (manufactured by Tokyo Chemical
Industry Co., Ltd.), 28.0 g of 1-naphthaldehyde (manufac-
tured by Tokyo Chemical Industry Co., Ltd.), 3.6 g of p-tolu-
enesulfonic acid monohydrate (manufactured by Tokyo
Chemical Industry Co., Ltd.), and 143.8 g of toluene (manu-
factured by Kanto Chemical Co., Inc.) were put in a 100-ml
recovery flask. Thereafter, the interior of the flask was purged
with nitrogen, and then the flask was heated with stirring
under reflux for about 27 hours. After the reaction was com-
pleted, the solution was diluted with 90.5 g of tetrahydrofuran
(manufactured by Kanto Chemical Co., Inc.). The diluted
solution was dropped into 2,000 ml of methanol for repre-
cipitation. The obtained precipitate was suction-filtered, and
the residue was washed with methanol and then dried under
reduced pressure for one night at 85° C., whereby 37.9 g of
novolak resin was obtained. The obtained polymer corre-
sponded to that of Formula (7). The weight-average molecu-
lar weight Mw measured in terms of polystyrene by GPC was
3,800.

Formula (7)
H

/\N/\

i\

Example 1

2 g of the polymer obtained in Synthesis Example 1 was
dissolved in 13.8 g of propylene glycol monomethyl ether
acetate, 4.6 g of propylene glycol monomethyl ether, and 4.6
g of cyclohexanone, whereby a solution of a resist underlayer
film-forming composition used in a lithography process with
a multilayer film was prepared.
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Example 2

2 g of the polymer obtained in Synthesis Example 2 was
dissolved in 13.8 g of propylene glycol monomethyl ether
acetate, 4.6 g of propylene glycol monomethyl ether, and 4.6
g of cyclohexanone, whereby a solution of a resist underlayer
film-forming composition used in a lithography process with
a multilayer film was prepared.

Example 3

2 g of the polymer obtained in Synthesis Example 3 was
dissolved in 13.8 g of propylene glycol monomethyl ether
acetate, 4.6 g of propylene glycol monomethyl ether, and 4.6
g of cyclohexanone, whereby a solution of a resist underlayer
film-forming composition used in a lithography process with
a multilayer film was prepared.

Example 4

2 g of the polymer obtained in Synthesis Example 4 was
dissolved in 13.8 g of propylene glycol monomethyl ether
acetate, 4.6 g of propylene glycol monomethyl ether, and 4.6
g of cyclohexanone, whereby a solution of a resist underlayer
film-forming composition used in a lithography process with
a multilayer film was prepared.

Example 5

2.5 g of the polymer obtained in Synthesis Example 1,
0.375 g of methylol compound (Formula (8) below, trade
name: CYMEL 303, manufactured by CYTEC Industries
Inc.) as a cross-linking agent, and 0.038 g of pyridinium
p-toluenesulfonate as a catalyst were dissolved in 20.1 g of
propylene glycol monomethyl ether acetate, 6.70 g of propy-
lene glycol monomethyl ether, and 6.70 g of cyclohexanone,
whereby a solution of a resist underlayer film-forming com-
position used in a lithography process with a multilayer film
was prepared.

Formula (8)

O (0]
O

i
r
T

NN
N

1

© ~

~

Example 6

2 g of the polymer obtained in Synthesis Example 5 was
dissolved in 6.9 g of propylene glycol monomethyl ether
acetate and 16.1 g of cyclohexanone, whereby a solution of a
resist underlayer film-forming composition used in a lithog-
raphy process with a multilayer film was prepared.

Example 7

2 g of the polymer obtained in Synthesis Example 6 was
dissolved in 13.8 g of propylene glycol monomethyl ether
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acetate and 9.2 g of propylene glycol monomethyl ether,
whereby a solution of a resist underlayer film-forming com-
position used in a lithography process with a multilayer film
was prepared.

Example 8

2 g of the polymer obtained in Synthesis Example 7 was
dissolved in 4.6 g of propylene glycol monomethyl ether
acetate and 18.4 g of cyclohexanone, whereby a solution of a
resist underlayer film-forming composition used in a lithog-
raphy process with a multilayer film was prepared.

Example 9

2 g of the polymer obtained in Synthesis Example 8 was
dissolved in 16.1 g of propylene glycol monomethyl ether
acetate and 6.9 g of propylene glycol monomethyl ether,
whereby a solution of a resist underlayer film-forming com-
position used in a lithography process with a multilayer film
was prepared.

Comparative Example 1

A solution of a cresol novolak resin (commercially avail-
able product, weight-average molecular weight; 4,000) was
used.

Comparative Example 2

2 g of the polymer obtained in Comparative Synthesis
Example 1 was dissolved in 13.8 g of propylene glycol
monomethyl ether acetate, and 4.6 g of propylene glycol
monomethyl ether, and 4.6 g of cyclohexanone, whereby a
solution of'a resist underlayer film-forming composition used
in a lithography process with a multilayer film was prepared.

(Measurement of Optical Parameters)

Each of the solutions of the resist underlayer film-forming
compositions prepared in Examples 1 to 9 and Comparative
Examples 1 to 2 was applied onto a silicon wafer by a spin
coater. Each of them was baked on a hot plate at 240° C. for
1 minute or at 400° C. for 2 minutes (at 240° C. for 1 minute
in Comparative Example 1) to form a resist underlayer film
(film thickness: 0.05 um). The refractive index (n value) at a
wavelength of 193 nm and the optical absorption coefficient
(k value, also called attenuation coefficient) of each resist
underlayer film were measured with a spectroscopic ellip-
someter. The results are given in Table 1.

TABLE 1

Refractive index n and optical absorption coefficient k
n k
(193 nm) (193 nm)
Example 1 240° C. baked film 1.45 0.53
Example 1 400° C. baked film 1.46 0.50
Example 2 240° C. baked film 1.57 0.73
Example 2 400° C. baked film 1.55 0.62
Example 3 240° C. baked film 1.50 0.58
Example 3 400° C. baked film 1.46 0.56
Example 4 240° C. baked film 1.37 0.51
Example 4 400° C. baked film 1,43 0.50
Example 5 240° C. baked film 1.44 0.52
Example 6 400° C. baked film 1.38 0.47
Example 7 400° C. baked film 1.38 0.45
Example 8 400° C. baked film 1.46 0.44
Example 9 400° C. baked film 1.50 0.55
Comparative 240° C. baked film 1.53 0.42
Example 1

Comparative 400° C. baked film Unmeasurable  Unmeasurable

Example 1

10

15

20

25

35

40

45

50

55

60

34
TABLE 1-continued

Refractive index n and optical absorption coefficient k

n k
(193 nm) (193 nm)
Comparative 240° C. baked film 1.36 0.39
Example 2
Comparative 400° C. baked film 137 0.44
Example 2

(Dissolution Test in Photoresist Solvent)

Each of the solutions of the resist underlayer film-forming

compositions prepared in Examples 1 to 9 and Comparative
Examples 1 to 2 was applied onto a silicon wafer by a spin
coater. Each of them was baked on a hot plate at 240° C. for
1 minute or at 400° C. for 2 minutes to form a resist underlayer
film (film thickness: 0.20 um). Each resist underlayer film
was subjected to an immersion test in solvents used for the
resist, for example, ethyl lactate, propylene glycol monom-
ethyl ether, propylene glycol monomethyl ether acetate, and
cyclohexanone.
The films resulting from baking the solutions of the resist
underlayer film-forming compositions of Example 1 to
Example 4, Example 6 to Example 9, and Comparative
Example 2 at 240° C. for 1 minute dissolved in the solvents.
It was found that the films resulting from baking the solutions
of the resist underlayer film-forming compositions of
Example 1 to Example 9 and Comparative Example 2 at 400°
C. for 2 minutes were insoluble in the solvents. It was found
that the films resulting from baking the solutions of the resist
underlayer film-forming compositions of Example 5 and
Comparative Example 1 at 240° C. for 1 minute were
insoluble in the solvents.

(Measurement of Dry Etching Rate)

An etcher and etching gas below were used for measuring
the dry etching rate. RIE-10NR (manufactured by SAMCO
Inc.): CF,

Each of the solutions of the resist underlayer film-forming

compositions prepared in Examples 1 to 9 and Comparative
Example 2 was applied onto a silicon wafer by a spin coater.
Each of them was baked on a hot plate at 240° C. for 1 minute
or at 400° C. for 2 minutes to form a resist underlayer film
(film thickness: 0.20 pm). The dry etching rate was measured
by using CF, gas as an etching gas.
The solution of Comparative Example 1 was applied onto a
silicon wafer by a spin coater, and was baked on a hot plate at
240° C. for 1 minute to form a resist underlayer film (film
thickness: 0.20 pm). The dry etching rate was measured by
using CF, gas as an etching gas, and the dry etching rate was
compared with those of the resist underlayer films of
Examples 1 to 9 and Comparative Example 2. The results are
given in Table 2. The rate ratio is the dry etching rate ratio of
(the dry etching rate of a film formed by baking each of the
resist underlayer films of Examples 1 to 9 and Comparative
Example 2 at each temperature)/(the dry etching rate of a film
formed by baking the resist underlayer film of Comparative
Example 1 at 240° C.).

TABLE 2

Dry etching rate ratio

Example 1 Rate ratio for 240° C. baked film 0.73
Example 1 Rate ratio for 400° C. baked film 0.79
Example 2 Rate ratio for 240° C. baked film 0.75
Example 2 Rate ratio for 400° C. baked film 0.90
Example 3 Rate ratio for 240° C. baked film 0.84
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TABLE 2-continued
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TABLE 3-continued

Dry etching rate ratio

Example 3 Rate ratio for 400° C. baked film 0.89
Example 4 Rate ratio for 240° C. baked film 0.78
Example 4 Rate ratio for 400° C. baked film 0.81
Example 5 Rate ratio for 240° C. baked film 0.82
Example 6 Rate ratio for 400° C. baked film 0.99
Example 7 Rate ratio for 400° C. baked film 0.89
Example 8 Rate ratio for 400° C. baked film 1.05
Example 9 Rate ratio for 400° C. baked film 1.02
Comparative Rate ratio for 240° C. baked film 0.73
Example 2

Comparative Rate ratio for 400° C. baked film 0.81
Example 2

(Measurement of Pattern Bending Resistance)

Each of the solutions of the resist underlayer film-forming
compositions prepared in Examples 1 to 3, Examples 6 to 8,
and Comparative Example 2 was applied by a spin coater onto
a silicon wafer coated with a silicon oxide film. Each of them
was baked on a hot plate at 400° C. for 2 minutes to form a
resist underlayer film (film thickness: 200 nm). Onto the resist
underlayer film, a solution of a silicon hard mask-forming
composition was applied, and was baked at 240° C. for 1
minute to form a silicon hard mask layer (film thickness: 45
nm). Onto the silicon hard mask layer, a resist solution was
applied, and was baked at 100° C. for 1 minute to form a resist
layer (film thickness: 120 nm). The resist layer was exposed
to light having a wavelength of 193 nm with a mask, and was
subjected to post exposure bake PEB (at 105° C. for 1
minute), and then development is performed to obtain a resist
pattern. Thereafter, dry etching was performed with a fluo-
rine-based gas (the component was CF,,) to transfer the resist
pattern onto the hard mask. Then, dry etching was performed
with an oxygen-based gas (the components were O,/CO,) to
transfer the resist pattern onto the resist underlayer film.
Subsequently, dry etching was performed with a fluorine-
based gas (the components were C,Fg/O,/Ar) to remove the
silicon oxide film on the silicon wafer. The shape of each
pattern at that time was observed with an electron micro-
scope.

As the pattern width becomes smaller, irregular bending of
the pattern called “wiggling” is more likely to occur. The
above-described steps were performed with the resist under-
layer film-forming compositions of the above Examples, and
the pattern width when such pattern bending (wiggling)
started to occur was observed with an electron microscope.
Because occurrence of pattern bending (wiggling) makes it
impossible to fabricate a substrate on the basis of a faithful
pattern, it is necessary to fabricate the substrate on the basis of
the pattern width immediately before the pattern bending
(wiggling) starts to occur. A smaller pattern width when pat-
tern bending (wiggling) starts to occur enables finer fabrica-
tion of the substrate. To measure resolution, a critical dimen-
sion scanning electron microscope (manufactured by Hitachi,
Ltd.) was used. The measurement results are given in Table 3.

TABLE 3
Pattern width when pattern bending (wiggling) starts to occur
(When using resist underlayer film-forming 30.1 nm
composition of Example 1)
(When using resist underlayer film-forming 32.7 nm
composition of Example 2)
(When using resist underlayer film-forming 31.7 nm

composition of Example 3)

10

20

25

30

35

40

45

50

55

60

65

Pattern width when pattern bending (wiggling) starts to occur

(When using resist underlayer film-forming 31.7 nm
composition of Example 6)
(When using resist underlayer film-forming 30.2 nm
composition of Example 7)
(When using resist underlayer film-forming 32.7 nm
composition of Example 8)
(When using resist underlayer film-forming 34.0 nm

composition of Comparative Example 2)

(Embeddability Test)

Each of the solutions of the underlayer film-forming com-
positions for lithography of the present invention obtained in
Examples 1 to 2 and Comparative Example 2 was applied by
a spin coater onto a wafer substrate with SiO, having holes
(diameter: 0.13 um, depth: 0.7 um). The pattern herein is a
pattern in which the distance between the center of a hole and
the center of a neighboring hole is one time as large as the
diameter of the holes.

After the application by a spin coater, each solution was
baked on a hot plate at 400° C. for 2 minutes to form an
underlayer film. With a scanning electron microscope (SEM),
the cross-section shape of the wafer substrate with SiO, hav-
ing holes onto which the underlayer film-forming composi-
tion for lithography of the present invention obtained in
Example 1 was applied was observed to evaluate the
embeddability of the underlayer film on the basis of the fol-
lowing criteria. The result was defined as excellent (repre-
sented by “O in Table 4) when the underlayer film was able
to be embedded in the holes with no void, and the result was
defined as defective (represented by “x” in Table 4) when the
underlayer film formed voids in the holes.

TABLE 4
Embeddability test
Example 1 400° C. baked film O
Example 2 400° C. baked film O
Comparative 400° C. baked film X
Example 2

INDUSTRIAL APPLICABILITY

Thus, the resist underlayer film material of the present
invention used in a lithography process with a multilayer film
can provide a resist underlayer film that has a selection ratio
of'dry etching rate close to that of a photoresist or smaller than
that of the photoresist, or a selection ratio of dry etching rate
smaller than that of a semiconductor substrate, unlike con-
ventional high etch rate anti-reflective coatings, and that also
has the effect of an anti-reflective coating.

It was found that the film functions as a hard mask, on the
basis of a comparison of the dry etching rate ratio of the film
formed by baking at 400° C. with that of a phenol novolak
resin in a conventional product. Accordingly, the film exhibits
heat resistance to a temperature of 400° C. or above.

It was found that the underlayer film material of the present
invention has such heat resistance as to enable formation of a
hard mask on the top layer through deposition.
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The invention claimed is:

1. A resist underlayer film-forming composition compris-
ing:

a polymer comprising a unit structure of Formula (1):

Formula (1)

1 R3 2
®Ryns (R

NONAN K

wherein in Formula (1),

R! and R? each are a substituent of a hydrogen atom on
an aromatic ring, and are each independently a halo-
gen group, a nitro group, an amino group, a carboxylic
acid group, a hydroxy group, a C,_,, alkyl group, a
C,_,o alkenyl group, a Cg_,, aryl group, an organic
group comprising an ether bond, an organic group
comprising a ketone bond, an organic group compris-
ing an ester bond, or a group in which any of these are
combined;

R? is a hydrogen atom, a C,_,, alkyl group, a C,_,
alkenyl group, a C,_,, aryl group, an organic group
comprising an ether bond, an organic group compris-
ing a ketone bond, an organic group comprising an
ester bond, or a group in which any of these are
combined;

R*is a C,_,, aryl group or a heterocyclic group, and the
aryl group and the heterocyclic group each are option-
ally substituted with a halogen group, a nitro group,
an amino group, a C,_, alkyl group, a C, ,, alkoxy
group, a Cg_,, aryl group, a formyl group, a carboxy
group, a carboxylic acid ester group, or a hydroxy
group;

R’ is a hydrogen atom, a C,_,, alkyl group, a C,_,, aryl
group, or a heterocyclic group, and the alkyl group,
the aryl group, and the heterocyclic group each are
optionally substituted with a halogen group, a nitro
group, an amino group, or a hydroxy group, and R*
and R® optionally form a ring together with a carbon
atom bonded to R* and R?;

X is an O atom, a S atom, a CH, group, a C—0 group, a
CH—CH group, or a CH,—CH, group;

n, and n, each are an integer ranging from 0 to 3; and

ml and m2 each are an integer ranging from 0 to 3, and

the polymer is contained in the composition at a proportion
ot 50 to 100% by mass of a solid content of the compo-
sition, the solid content being the content of all compo-
nents of the resist underlayer film-forming composition
excluding a solvent.
2. The resist underlayer film-forming composition accord-
ing to claim 1, wherein
R? is a hydrogen atom in Formula (1).
3. The resist underlayer film-forming composition accord-
ing to claim 1, wherein

both n, and n, are 0 in Formula (1).
4. The resist underlayer film-forming composition accord-
ing to claim 1, wherein
the polymer is a polymer comprising the unit structure of
Formula (1) and a unit structure of Formula (3):
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Formula (3)
®ns R

Arl

R12
(R'%ng

wherein in Formula (3), Ar' is a C_,, aromatic ring group;

R® and R'° each are a substituent of a hydrogen atom on an
aromatic ring, R® is a hydroxy group, and R*° is a halo-
gen group, a nitro group, an amino group, a C,_,, alkyl
group, a C,_,, alkenyl group, a Cy_,, aryl group, an
organic group comprising an ether bond, an organic
group comprising a ketone bond, an organic group com-
prising an ester bond, or an organic group in which any
of these are combined;

R!!is a hydrogen atom, a C_,,, aryl group or a heterocyclic
group that is optionally substituted with a halogen
group, a nitro group, an amino group, a formyl group, a
carboxy group, or a hydroxy group;

R'? is a hydrogen atom, a C,_|, alkyl group, a C,_,, aryl
group, or a heterocyclic group that is optionally substi-
tuted with a halogen group, a nitro group, an amino
group, a formyl group, a carboxy group, or a hydroxy
group, and R*! and R'? optionally form a ring together
with a carbon atom bonded to R** and R'?;

ny is an integer ranging from one to a maximum number of
substituents that are capable of being substituted on an
Ar' ring and

ng is an integer ranging from the ((maximum number of
substituents that are capable of being substituted on the
Ar! ring)-n,) to zero.

5. The resist underlayer film-forming composition accord-

ing to claim 1, further comprising:

a cross-linking agent.

6. The resist underlayer film-forming composition accord-

ing to claim 1, further comprising:

an acid and/or an acid generator.

7. A resist underlayer film-forming composition compris-

ing:

a polymer comprising a unit structure of Formula (2):

Formula (2)

x2

m3

wherein in Formula (2), R® and R” each are a substituent of
a hydrogen atom on an aromatic ring, and are each
independently a halogen group, a nitro group, an amino
group, a carboxylic acid group, a hydroxy group,aC,_;,
alkyl group, a C,_,, alkenyl group, a C¢_,, aryl group, an
organic group comprising an ether bond, an organic
group comprising a ketone bond, an organic group com-
prising an ester bond, or a group in which any of these
are combined;

R®is a hydrogen atom, a C,_,, alkyl group, a C,_, , alkenyl
group, a Cg_,, aryl group, an organic group comprising
an ether bond, an organic group comprising a ketone
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bond, an organic group comprising an ester bond, or a
group in which any of these are combined;
X?1is an O atom, a S atom, a CH,, group, a C—0O group, a
CH—CH group, or a CH,—CH, group;
Y! is a divalent group derived from a cycloolefin ring
compound;
n; and n, each are an integer ranging from 0 to 3; and
m3 and m4 each are an integer ranging from 0 to 3.3.
8. The resist underlayer film-forming composition accord-
ing to claim 7, wherein
R®is a hydrogen atom in Formula (2).
9. The resist underlayer film-forming composition accord-
ing to claim 7, wherein
both n; and n, are 0 in Formula (2).
10. The resist underlayer film-forming composition
according to claim 7, wherein
the polymer is a polymer comprising the unit structure of
Formula (2) and a unit structure of Formula (4):

Formula (4)
®Py

—t A=Y

R g

wherein in Formula (4), Ar? is a C_,, aromatic ring group;

R'? and R'*each are a substituent of a hydrogen atom on an
aromatic ring, R'? is a hydroxy group, and R'* is a
halogen group, a nitro group, an amino group, a C, ;,
alkyl group, a C,_,, alkenyl group, a C¢_,, aryl group, an
organic group comprising an ether bond, an organic
group comprising a ketone bond, an organic group com-
prising an ester bond, or an organic group in which any
of these are combined;

Y? is a divalent group derived from a cycloolefin ring
compound;

n, is an integer ranging from one to a maximum number of
substituents that are capable of being substituted on an
Ar® ring; and

40

ng is an integer ranging from ((the maximum number of
substituents that are capable of being substituted on the
Ar® ring)-n,) to zero.

11. A resist underlayer film obtained by applying the resist

5 underlayer film-forming composition as claimed in claim 1

onto a semiconductor substrate and baking the resist under-

layer film-forming composition.
12. A method for forming a resist pattern used in produc-
tion of a semiconductor, the method comprising:
applying the resist underlayer film-forming composition as
claimed in claim 1 onto a semiconductor substrate and
baking the resist underlayer film-forming composition
to form an underlayer film.
13. A method for producing a semiconductor device, the
method comprising:

15 forming an underlayer film on a semiconductor substrate
using the resist underlayer film-forming composition as
claimed in claim 1;

forming a resist film on the underlayer film;
forming a resist pattern by irradiation with light or electron
20 beams and development;
etching the underlayer film using the resist pattern; and
fabricating the semiconductor substrate using the patterned
underlayer film.
14. A method for producing a semiconductor device, the
25 method comprising:
forming an underlayer film on a semiconductor substrate
using the resist underlayer film-forming composition as
claimed in claim 1;
forming a hard mask on the underlayer film;
30 further forming a resist film on the hard mask;
forming a resist pattern by irradiation with light or electron
beams and development;
etching the hard mask using the resist pattern;
etching the underlayer film using the hard mask patterned;
35 and
fabricating the semiconductor substrate using the patterned
underlayer film.
15. The method for producing a semiconductor device
according to claim 14, wherein

40 the hard mask is formed by deposition of an inorganic

substance.
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